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Introduction
Previous reports extending the known stratigraphical and paleogeographical ranges of the Paleozoic cnidarian Sphenothallus Hall, 1847 have increased the paleobiological significance of this extinct genus substantially (see Chang et al. 2018; Landing et al. 2018 and references cited therein). In addition to occurring in both oxic nearshore and dysoxic offshore facies (e.g., Van Iten et al. 1996; Chang et al. 2018) , in such widely separated Cambrian and Ordovician terranes as Laurentia (e.g., Van Iten et al. 1996 , 2002 , South China (e.g., Zhu et al. 2000; Li et al. 2004; Peng et al. 2005; Van Iten et al. 2013; Muscente and Xiao 2015; Chang et al. 2018) and South Polar Gondwana (Fatka et al. 2012; Fatka and Kraft 2013; Van Iten et al. 2016b) , Sphenothallus ranges downward into Cambrian Stage 3 (e.g., Chang et al. 2018) , which hosts part of the record of the Cambrian Explosion (Yang et al. 2014) . Together with the conulariid Paraconularia sp. from the latest Ediacaran Tamengo Formation of Brazil (Van Iten et al. 2014 , 2016a Parry et al. 2017) , Sphenothallus from Cambrian Stage 3 are among the oldest, polypoid medusozoan cnidarians in the fossil record (Van Iten et al. 2014; Landing et al. 2018) . Van Iten et al. (1992) first documented a suite of anatomical similarities uniquely shared by Sphenothallus, conulariids and extant medusozoans, noting as well that similarities shared by Sphenothallus and various non-cnidarian groups are also shared with conulariids and extant medusozoans. The similarities thought to support assignment of both Sphenothallus and conulariids to the subphylum Medusozoa Peterson, 1979 include: (i) soft body fully covered by a tubular or steeply pyramidal, very finely lamellar, organic or organo-phosphatic periderm; (ii) periderm terminates aborally in a sub-conical expansion that (in some cases) is closed and floored by a very thin basal membrane; (iii) periderm exhibits (rarely) a transverse internal wall (schott) that extends adorally along the inner surface of the periderm; and (iv) soft body includes two or more oral tentacles. Most recently, Dzik et al. (2017) documented the presence in S. ruedemanni (Lower Ordovician, China) of eight radially arranged, seriated internal carinae similar to those present in the periderm of certain coronate polyps but not known to occur in any other taxa except several species of conulariids (e.g., Van Iten et al. 1996) .
Another similarity, shared not only by Sphenothallus and extant medusozoans but also other invertebrates such as graptolites and pterobranchs, is the capacity for asexual budding. In support of their argument that at least some Sphenothallus formed clonal colonies, Van Iten et al. (1992: figs. 3, 4) presented two pieces of evidence: (i) a branching specimen of Sphenothallus sp. from the Mississippian Bear Gulch Formation (Montana, USA); and (ii) Clarke's (1913: pl. 26: 16-18) shaded line drawings of a branching specimen of Serpulites sica Salter, 1856 from the Lower Devonian Ponta Grossa Formation of southern Paraná State, Brazil. Clarke's (1913) drawings depict what he interpreted as a single parent tube bearing at least 16 daughter tubes arrayed along the two margins of the parent, with the apical end of the daughter tubes apparently lacking the basal holdfast and, instead, merging smoothly into the parent tube. Clarke (1913: 319) classified this specimen as a "problematum." Later, Sommer (1954) reexamined Clarke's fossil, referring it to the new algal genus and species Euzebiola clarkei. Interestingly, prior to 1913 the same specimen had been inspected by a paleobotanist, who declared that is was "positively not a plant but possibly a hydroid (Clarke 1913: 319) ." Moreover, Sommer (1954: 178) characterized his assignment of Clarke's (1913) specimen to the plant kingdom as merely a "taxonomic adventure". Most recently, both this and the Bear Gulch Formation specimen were discussed by Landing et al. (2018) in their review paper on the early evolution of coloniality in eumetazoans. These authors added a third specimen, originally assigned to the genus Torellella Linnarsson, 1871 (Popov et al. 1989) , to the list of known or probable specimens of Sphenothallus showing evidence of coloniality. Importantly, Van Iten et al. (1992) stated that the current whereabouts of Clarke's (1913) branching specimen were unknown. We here re-describe and re-illustrate Clarke's (1913) material, highlighting places on the branching specimen where diagnostic features of the genus Sphenothallus and evidence of clonal budding are best preserved. We also argue that both the branching specimen and similar, unbranched tubes from the Ponta Grossa Formation belong in the genus Sphenothallus.
Material and methods
Previously illustrated fossil specimens assigned by Clarke (1913) to Serpulites sica occur on two cm-long slabs of massive siltstone that are housed in the paleontological collection of the National Mineral Agency (formerly the Department of Mineral Production, DNPM) in Rio de Janeiro, southeastern Brazil, under catalogue numbers DNPM 329 (the branching specimen ; Clarke 1913: pl. 26: 16-18; Sommer 1954: pl. 15 : 2) and DNPM 1 (five partial unbranched tubes ; Clarke 1913: pl. 26: 15) . Specific locality information is not provided in Clarke's (1913) monograph and does not accompany the reposited specimens. Thus, locating precisely the sites that yielded these specimens is almost impossible. Nevertheless, information available in Clarke (1913: 62-67) indicates that his material comes from the Ponta Grossa Formation (Lower Devonian) near the city of Ponta Grossa (Ponta Grossa County, Paraná State, southern Brazil). We examined Clarke's (1913) material under reflected light, using a Leitz binocular microscope equipped with a digital camera. Unfortunately, Clarke's (1913) specimens are now coated with a clear lacquer-like substance, and this fact, together with the size of the host slabs, prevented us from ascertaining the elemental composition of the specimens through x-ray microbeam analysis or any other techniques. Finally, comparison specimens of Sphenothallus sp. from the Ordovician of Quebec, illustrated here ( 
Geological setting
The pre-Carboniferous (Silurian-Devonian) rocks of Ponta Grossa County occur in the Apucarana sub-basin of the Paraná Basin (Figs. 1, 2), where they have been assigned collectively to the Silurian-Devonian Furnas Formation (Llandoverian-Lochkovian; Sedorko et al. 2017 ) and the Devonian Ponta Grossa Formation (Petri 1948 ) of the Paraná Group (Fig. 2) . The sedimentology, stratigraphy and paleontology of these units have been discussed in detail elsewhere (see Assine and Simões 2018 and references therein for a recent review). The contact between the two formations is transitional, with strata above and below the contact (= transitional beds of Petri 1948) consisting of fine-grained sandstone with hummocky cross-stratification and wavy cross-lamination that was originally deposited in lower shoreface settings (Assine et al. 1994; Assine and Simões 2018 ; see however Bergamaschi 1999 for a different interpretation). Traditionally, the Ponta Grossa Formation has been subdivided into three members (Fig. 2) , namely (in ascending order) the Pragian-Emsian Jaguariaíva Member, the Eifelian Tibagi Member, and the Givetian São Domingos Member (Lange and Petri 1967) . Although these members can be traced laterally, both at the surface and in the subsurface, for hundreds of kilometers (Assine 1996) , the thickness of the Ponta Grossa Formation is highly variable across the basin owing to the Late Devonian-Early Carboniferous regional discordance (Assine et al. 1994) . The sedimentary succession of the Jaguariaíva and São Domingos members consists of marine shale, while finegrained sandstone with hummocky cross-stratification forms the Tibagi Member. Shale of the Jaguariaíva and São Domingos members contain two maximum flooding surfaces (Assine et al. 1994; Bergamaschi 1999) , both of which are tied to the global Devonian sea-level high (Assine et al. 1994) . Tectonic reactivation of source areas on the northeastern border of the Paraná Basin was accompanied by the northeastward advance of deltaic sandstone of the Tibagi Member, recording a brief progradational regression between two transgressive successions (Assine et al. 1994 (Assine et al. , 1998 Assine 1996; Assine and Simões 2018) .
In the vicinity of Ponta Grossa (Fig. 3) , the Ponta Grossa Formation consists of ~80 meters of highly fossiliferous shale and concretion-bearing siltstone of the Jaguariaíva Member (Fig. 3) , which was deposited in shoreface and Assine et al. 1994; Sedorko et al. 2017) . The exact level in the Jaguariaíva Member at which Clarke's (1913) specimens of Sphenothallus were found is not known. shallow marine platform settings (Bergamaschi 1999) , mainly near or below storm wave base (Simões et al. 2000) . Therefore, Clarke's (1913) material most likely comes from the Jaguariaíva Member, which is composed in part of siltstone similar in color and texture to the rock matrix hosting his specimens. Remarks.-Specimens belonging in the genus Sphenothallus generally consist of a single, slender, gently tapered hollow tube constructed of numerous, very thin (approximately 1-2 μm) lamellae that parallel the exterior surface of the tube (e.g., Van Iten et al. 1992 , 2002 Muscente and Xiao 2015; Vinn and Kirsimäe 2015) . Most specimens contain substantial amounts of the mineral apatite, but others are largely or entirely organic (see Muscente and Xiao 2015 and references cited therein). In transverse cross-sections the tube is sub-elliptical (except near the apical end, where it is more or less circular), with the total thickness of the tube increasing to its maximum at the ends points of the tube's greatest diameter, thus forming two continuous, marginal thickenings having a crescent-shaped transverse cross-section. The relatively thin, frequently crumpled walls between the two thickenings are referred to here as faces (though without implying homology with the faces of conulariids). (Bodenbender et al. 1989 ) and shell material. Finally, the soft body of Sphenothallus, preserved in pyrite in certain specimens from the Lower Devonian Hunsrück Slate, Germany (Fauchald et al. 1986 ), includes a manubrium-like central mouth structure flanked by a pair of elongate tentacles situated at the end points of the greatest diameter of the tube.
Sphenothallus sica (Salter, 1856) Figs. 4, 5. Material.-DPNM 329, the branching specimen (Figs. 4, 5) . DPNM 1, association of five partial tubes; from the Jaguariaíva Member (Pragian-Emsian) of the Lower Devonian Ponta Grossa Formation near Ponta Grossa, Paraná State, Brazil.
Description.-Periderm fragments measuring up to about 145 mm long (DPNM 1) and a partial branching periderm measuring about 55 mm long and 32 mm wide (DPNM 329). Branching periderm consists of a single, very gently tapered parent tube (labelled "P" in Fig. 4A , B 1 ) measuring about 40 mm long and bearing at least 16 variably curved daughter tubes (Fig. 4: 1-16) ; two of the daughter tubes (1, 2) originate at the wide of the parent, while the remaining daughter tubes (3-16) are arrayed in single file along each of the two lateral margins of the parent, in a manner resembling opposite or sub-opposite branching in plant stems. Additional tube fragments, at least some of which probably belong to certain of the numbered daughter tubes, are also present. Guyot-like basal portion of at least two additional daughter tubes (Fig. 5A 1 ) present on the exposed face of the parent tube near its wide end. Periderm black, apparently organic and possibly laminated, in transverse cross-sections sub-elliptical. Periderm of the daughters confluent with that of the parent, the apical end of which has been truncated. Gently curved apertural margin may be preserved at the distal end of three of the daughter tubes (1-3). Marginal thickenings preserved as narrow, levee-like berms or as trough-like external molds. Internal schotts and basal attachment discs not observed.
Remarks.-In agreement with the present description of DPNM 1 and DPNM 329, Clarke (1913: 85-86) states that these specimens consist of "chitinous [organic] tubes which may in their original state have been flat, as they are always reinforced by two chitinous cords at the margins, the connecting tissue being relatively thin." Clarke (1913: 320) further states that the "cords are often found alone, the more tenuous parts having been torn away." Re-examination of Clarke's (1913) material (Figs. 4, 5) confirms most of these statements. Thus, inspection of broken ends and missing portions of the exposed face (e.g., Figs. 4B 2 , 5A 1 ) shows that the tubes are hollow, with the former cavity now being filled with rock matrix, and that the transverse cross-section of the tubes is sub-elliptical. The "cords" noted by Clarke (1913) appear on external molds as a pair of shallow troughs, and in places where skeletal material of the exposed face is preserved, they are expressed as one or two low, narrow, levee-like berms (Fig. 5A 3 ) . This preservational feature likely developed during compaction when the more resistant marginal thickenings retained their relief in contrast to the thinner and more readily deformable faces. Moreover, in some of the places (e.g., Fig. 4B 2 ) where the tube has been broken and is thus visible in cross-sections, the marginal portion of the tube is noticeably thicker than across the faces. Finally, Salter (1856: 222) stated that material from the Devonian Bokkeveld Group of South Africa exhibited "striae of growth" that "are conspicuous and oblique"; however, and as previously suggested by Clarke (1913: 86) , we think that these features may actually be secondary wrinkles.
Present near the wide and, presumably, youngest end of the parent tube of DPNM 329 are at least two, guyot-like protuberances that occur between the raised margins, in the middle of the thin exposed face (Fig. 5A 1 ) . Clarke (1913: pl. 26: 18) shows two additional guyot-like structures, both located on the exposed face between daughter tubes 3 and 4, but we did not see such features on that part of the parent tube. One of the guyot-like features we did see is situated between daughter tubes 5 and 6 (Fig. 5A 1 ) , while the second such structure occurs between tubes 7 and 8. Again in agreement with Clarke (1913) , we suspect that a fourth, similar feature occurs at these same two levels on the still covered, opposite face of the parent tube. If this hypothesis is true, then at least some of the daughter tubes are arranged in whorls or "verticil[s]" (Clarke 1913: 319) consisting of four iso-latitudinal daughters. All of the tubes are incomplete, and some of the daughter tubes (7, 12 and 13) consist only of the basalmost portion. The narrow apical end of the parent tube is truncated, and there is no evidence of a holdfast or stolon. The free wide end of daughter tubes 1-3 is gently curved and approximately perpendicular to the lateral margins; thus, these three tubes may preserve the apertural margin. Unfortunately, the counterpart of DPNM 329 either was not collected or is missing, and as noted above the entire specimen is coated with a transparent lacquer-like substance that cannot be removed without destroying the specimen. Most of the tubes, including the parent, consist of short stretches of complete periderm (preserving the marginal thickenings and, probably, both of the two thin walls between them) alternating with stretches missing the exposed face (presumably present on the missing counterpart specimen) or consisting of an external mold (e.g., Fig. 4B 2 ) . Daughter tubes 1-8 and 12-13 are arranged in opposition or near opposition, with three of these pairs (comprising daughters 3-8) being separated from each other by approximately 3 mm. Furthermore, daughter tubes 1 and 2 originate at the wide end of the parent, which thus resembles a plant stem exhibiting dichotomous branching at its tip. The external surface of the expanded apical end of daughter tubes that preserve black peridermal material is confluent with the external surface of black peridermal material of the parent tube (Fig. 5A 1 , A 2 ) . Nowhere on the parent tube is there any evidence of isolated basal attachment discs such as those exhibited by fossils bearing epibiontic specimens of Sphenothallus (Fig. 6 ).
Stratigraphic and geographic range.-Early Devonian Ponta Grossa Formation, Paraná State, southern Brazil.
Discussion
Regarding branching specimen DPNM 329, Clarke (1913: 319-320) rejected the hypothesis of affinity with graptolites or plants, noting instead that the specimen "has features suggestive of hydroid structure." Admittedly, certain macroscopic algae, for example the extant green alga Caulerpa sertularioides (Gmelin, 1768 ) Howe, 1905 and the extinct genus Callithamnopsis Ruedemann, 1909 , resemble Clarke's (1913 branching S. sica specimen in showing opposite and/ or sub-opposite branching (C. sertularioides), or arrangement of branches in whorls (Callithamnopsis) (see for example Eubank 1946) . However, more detailed comparisons show that these similarities probably are superficial. In particular, no known macroscopic alga consists of branches that are hollow and open at their tips, or that exhibit a pair of marginal thickenings. In contrast, the hypothesis that DPNM 329 is a colonial hydrozoan polyp is supported by similarities in gross morphology with species such as Eudendrium ramosum Linnaeus, 1758, colonies of which exhibit multiple branches bearing a single opening located at the distal end of the tube (see for example Marques et al. 2000) . DPNM 329 also resembles the extant scyphozoan Stephanoscyphus racemosus Komai, the polyps of which exhibit a whorl-like arrangement, though with each "whorl" arising from a member of the preceding (ontogenetically) "whorl" (see for example Werner 1979: fig. 5b ).
The partial tubes arrayed along the edges and the exposed face of the parent tube of DPNM 329 are not epibionts, but rather are best interpreted as clonal buds originally connected to the soft body of the specimen along which they are arrayed. We base this conclusion on three independent lines of evidence (see also Van Iten et al. 1992) . First, the outer surface of the daughter tubes is continuous with the outer surface of the parent tube. Second, the parent tube lacks isolated basal attachment discs, which normally are present on fossils encrusted by multiple Sphenothallus (Fig. 6) . Third, unlike more or less randomly arranged, epibiontic Sphenothallus specimens (Fig. 6) , the daughter tubes in the S. sica specimen exhibit a regular, in most cases opposite or sub-opposite arrangement, including evident dichotomous branching at the wide end of the parent tube.
Conclusions
The ability of at least one species of Sphenothallus to produce clonal colonies constitutes yet another similarity shared with colonial hydrozoan and scyphozoan polyps.
Although other invertebrates, for example pterobranchs, also produce clonal colonies, none of these non-cnidarian taxa shares with Sphenothallus the full suite of similarities enumerated above. Among currently known specimens of Sphenothallus, only Clarke's (1913) branching specimen from the Ponta Grossa Formation, the branching specimen from the Bear Gulch Formation (Van Iten et al. 1992) , and (apparently) the specimen noted by Landing et al. (2018) , show compelling evidence of clonal budding. All of these specimens are thus of great importance to understanding an extinct genus of special interest to studies of the early diversification of Kingdom Metazoa and the origins of coloniality. 
